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$EVWUDFW 
,Q WKLV VWXG\ SDUDPHWULF DVVHVVPHQW RI WKH PDLQ JHRPHWULF GHVLJQ IHDWXUHV RI D SUHVVXUH UHOLHI YDOYH 359 ZLWK D
EDFNSUHVVXUHFKDPEHUDQGWZRDGMXVWLQJULQJVZDVFRQGXFWHGXVLQJDUHVSRQVHVXUIDFHPHWKRGRORJ\7KLVGHVLJQDSSURDFK
ZDVHVWDEOLVKHGE\XVLQJFRPSXWDWLRQDOIOXLGG\QDPLFV&)'WRPRGHOWKHG\QDPLFSHUIRUPDQFHRIWKHRSHQLQJDQGFORVLQJ
RIDQXFOHDUSRZHUPDLQVWHDPSUHVVXUH UHOLHIYDOYH 1306359$QH[SHULPHQWDO IDFLOLW\ZDVHVWDEOLVKHG WR WHVW WKH
1306359LQDFFRUGDQFHZLWKWKHVWDQGDUG$60(37&DQGWRYDOLGDWHWKH&)'PRGHO,WZDVIRXQGWKDWWKHPRGHO
FDQDFFXUDWHO\VLPXODWHWKHG\QDPLFSHUIRUPDQFHRIWKH1306359WKHGLIIHUHQFHLQEORZGRZQEHWZHHQWKHVLPXODWLRQ
DQG H[SHULPHQW UHVXOWV LV IRXQG WREHEHORZ7KXV WKHPRGHO FDQEH XVHG DVSDUW RI DGHVLJQDQDO\VLV WRRO7KH
EDFNSUHVVXUHFKDPEHUDVVLVWHGLQWKHUHVHDWLQJDQGGHFUHDVHGWKHEORZGRZQRIWKH1306359IURPWR7KH
VHQVLWLYLW\WRYDOYHJHRPHWU\ZDVLQYHVWLJDWHGDQGDQH[SOLFLWUHODWLRQVKLSEHWZHHQEORZGRZQDQGYDOYHJHRPHWU\ZDV
HVWDEOLVKHGZLWKDUHODWLYHHUURUOHVVWKDQXVLQJWKHUHVSRQVHVXUIDFHPHWKRGRORJ\WKLVZLOODOORZGHVLJQHUVWRDVVHVV
WKHYDOYHVHWWLQJVZLWKRXWWKHQHHGIRUD&)'PRGHO  
 
,QWURGXFWLRQ 
The pressure relief valve (PRV) is an indispensable safety component, and in many cases, its installation is a legal 
requirement in all types of pressure equipment. PRVs open automatically and discharge the contents of the pressure vessel 
to prevent excess pressure in the system; it is one of the most important devices that prevent overpressure in a nuclear power 
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plant or thermal power plant. However, failures such as the accident that occurred at the Three Mile Island nuclear power 
plant in the USA [1] do occur, resulting in the need for continued development efforts to ensure effective and reliable valve 
performance. The operational requirements of safety valves used in nuclear plants are based on ASME III codes; the valves 
must open within 5%, and close within 10% of the set pressure. The commonly adopted approach is to test and make 
corrections; this leads to a long product development time. CFD is an effective method to study the dynamic performance 
of the valve [2]; the recent developments in CFD techniques allow full dynamic modelling of the valve opening and closing 
process, and make it possible to establish a direct relationship between design, geometry, and performance. The use of a 
CFD approach is complex, and transient simulation of safety valves is CPU intensive; this inhibits the application of these 
approaches. To overcome these issues, a study has been undertaken on a complex safety valve developed for nuclear power 
plant systems and for steam pressure relief. The valve has upper and lower adjusting rings for setting the opening and closing 
pressures, and backpressure adjustment to assist valve closure. This results in the valve opening and closing having a multi-
parametric GHSHQGHQFH RQ WKH YDOYH¶V JHRPHWULFDO IHDWXUHV ZKLFK DUH GLIILFXOW WR assess and specify; thus, it becomes 
difficult to ensure consistent valve performance. To investigate more efficient design approaches, a CFD based model of 
the valve has been combined with a response surface approach to explicitly derive a relationship between blowdown and 
the main geometrical dimensions associated with the positions of the adjusting elements. The relationship could then be 
used to assist in the design and settings of the adjusting elements. There have been several attempts to develop analysis 
methods for safety valve design and operation, primarily driven by the need to ensure effective operation of the valve. In 
recent years, with the development of CFD techniques, there has been a renewed interest in modelling the dominant valve 
flow conditions for examining the limitations in the national standards, improving design methods, or ensuring correct 
operation under conditions in which testing is difficult. For example, Dempster et al. [3] conducted CFD analysis using the 
commercial code Fluent to determine the characteristics of a conventional gas spring PRV operating at 10±20 bar. The CFD 
results for mass flow and force agreed well with the experimental data for a certain range of disk lifts. Kim et al. [4] 
conducted a computational study on a safety valve used for LNG using the two-dimensional, axisymmetric, compressible 
Navier-Stokes equations to analyze the gas flow between the nozzle exit and valve seat. Ortega et al. [5] developed a 
dynamic model of the valve based on a spring-mass damper system, formulated the disk force in terms of the momentum 
change, and used the FLUENT CFD code to analyze the flow coefficient during the discharge of the PRV, with the aim of 
predicting the overall valve motion. Schmidt et al. [6] modified the simple equation approaches for mass flow rate prediction 
to account for real gas effects that occur in high-pressure systems. These equations were compared with ISO standard EN-
ISO 4126-1 methods and CFD predictions along with rarely available experimental data on high pressure systems. The 
study indicated the limitations of the current ISO standards for high-pressure conditions and the effectiveness of the CFD 
techniques to experimentally explore challenging process conditions. Moncalvo et al. [7] discussed the grid and turbulence 
model requirements for an accurate prediction of air mass flow rates in two safety valves using the commercial software 
ANSYS CFX. The results indicate that the degree of discretization was the decisive factor that affects the accuracy of the 
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calculations. Improved accuracy was obtained using the shear stress transport (SST) model. Beune et al. [8] also studied the 
possibility of using multi-mesh CFD based valve model to analyze the dynamic characteristics of high-pressure safety valves. 
Bassi [9] presented discontinuous Galerkin (DG) discretization of the compressible RANS equations and the k±İturbulence 
model equations for two-dimensional axisymmetric flows, and used their developed code to investigate the transonic flow 
in PRVs. The code has been applied to compute the flow in a spring-loaded safety valve at different backpressures and disk 
lifts. This was used later by Dossena et al. [10] to investigate numerically and experimentally, the effects related to the 
expansion of different gases in safety relief valves. More recently, Dempster and Elmayyah [11], as well as Alshaikh and 
Dempster [12], have examined with some success, the ability of two-phase based CFD models to predict the critical flows 
of air and water through a PRV and improve upon the prediction methods available in the national standard codes. The 
modelling of safety valve performance primarily requires the ability to capture the dynamic performance during opening 
and closing. Simplified approaches with experimental validation have recently been reviewed and extended further by Darby 
HWDO >@6LPLODUO\+ĘV et al. [15] have used simplified modelling approaches to investigate valve stability issues. 
However, the recent work by Song et al. [16±18] indicates significant progress in the use of the CFD approaches to simulate 
the dynamic motion of a PRV. They developed a 3-D CFD model in combination with equations for the dynamics of a 
single degree of freedom system to describe the fluid characteristics and dynamic performance of a spring-loaded PRV; 
they reported that the blowdown process could be accurately captured. Based on this model, Song [19] also proposed a new 
process to meet the requirements of butterfly valve design that was characterized by a complex configuration. The work of 
the current authors [20] has built upon this model using the domain decomposition method (DDM) and the grid pre-
deformation method (GPM) to handle the complex moving disk geometry and the large mesh deformation to further show 
the credibility of the simulation techniques for complex valve configurations. The existing literature indicates the progress 
and effectiveness of the CFD techniques for the modelling of common safety valves in single phase steady and unsteady 
gas applications, and provides promising results for simplified two-phase conditions. Relatively few studies exist for more 
complex valves, such as those covered in this study, that feature a backpressure chamber; there have been fewer attempts 
to integrate the CFD techniques into the design process. This study examines the influences of the positions of several 
adjusting elements (i.e., the adjusting sleeve and adjusting screw of the backpressure chamber, as well as the upper and 
ORZHUDGMXVWLQJULQJVRQWKH359¶V performance, such as blowdown, and attempts to create a mathematical relationship 
EHWZHHQWKH359¶VSHUIRUPDQFHDQGJHRPHWULFDOFRQILJXUDWLRQ The setting of adjustable elements in such complex valves 
results in difficult and time-consuming adjustments on site to achieve the desired opening and closing performance of the 
PRV. This is also particularly challenging for the conditions examined here for an NPMS PRV operating at high temperature 
and pressure, as repeated opening during initial adjustment result in damage to the sealing surface. This suggests that it is 
necessary to conduct a detailed investigation on the influence of the adjusting elements to achieve the desired performance 
of the NPMS PRV. To this end, a three-dimensional CFD based model was established to simulate the dynamic performance 
of the NPMS PRV, and an experimental facility was developed for the dynamic testing of the NPMS PRV in accordance 
with the standard ASME PTC 25 [21]. The dynamic performance of the NPMS PRV was recorded, and the simulation 
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results were compared with the experimental results to establish the validity of the model. Central composite design (CCD) 
and a response surface methodology (RSM) were used to evaluate the effect of the positions of the adjusting elements on 
blowdown. The software Design-Expert 8.05b was used to formulate a predictive function and analyze the responsesurface 
for blowdown. 
 
7HVWLQJRIVDIHW\UHOLHIYDOYH 
 
In this study, an NPMS PRV provided by Wujiang Dongwu Machinery Co., Ltd, China (Model: 200H2A48Y100C2) 
was used. Fig. 1 shows the structure of the PRV featuring upper and lower adjusting rings and a backpressure chamber. The 
positions of the upper and lower rings influence the local flow and pressure conditions at the faces of the disk and disk 
holder, and allow some control of the opening and closing conditions as well as the setting of the opening pressure.  
 
 
Fig. 1. Schematic representation of NPMS PRV (a), detailed structure of back pressure chamber of NPMS PRV (b), the 
positions of points of A-G and the inlet and exit paths of steam (c).The back pressure chamber is marked with green dotted 
line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 
article.) 
 
The void at the rear of the disk holder forms a backpressure chamber, where the pressure contributes to a downward 
force which can assist in the effective closing of the valve. The pressure in the backpressure chamber is generated from the 
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inlet flow from the disk face through a narrow channel between the disk holder and disk guide (blue surface in Fig. 1), and 
the exit flow from two possible paths: (i) a sleeve attached via a thread to the valve spindle; when the sleeve is adjusted, the 
exit flow area between the sleeve and the backpressure chamber end cap changes; (ii) a side vent hole where the exit flow 
area is adjusted by a screw (see Fig. 1). The backpressure chamber vents into the secondary chamber which is open to the 
atmosphere. The minimum opening of the adjusting sleeve is achieved when the disk reaches the rated lift and points C and 
D meet (see Fig. 1). The maximum opening is achieved when the NPMS PRV reseats and points C and E meet. Practically, 
the exit flow area of the backpressure chamber can be adjusted by controlling the vertical position of the adjusting sleeve 
above the top face of the end cap, i.e., distance AB in Fig. 1. In addition, the degree of insertion of the adjusting screw 
controls the alternative path, which is determined by the screw insertion depth (distance FG in Fig. 1). The distances AB 
and FG are 40 and 33 mm, respectively. When the NPMS PRV pops up, steam flows into the backpressure chamber through 
the gap between the disk holder and guide, generating an additional force on the disk.  
 
The experimental set-up shown in Fig. 2 was established in Wujiang Dongwu Machinery Co., Ltd, China. The 
experimental method complies with ASME PTC 25 guidelines. A supercritical pressure boiler supplies saturated steam to 
a storage vessel, which stores the high-pressure steam. The PRV for testing was mounted on the test vessel. During the test, 
the pressures in the storage vessel and test vessel were slowly increased to 90% of the expected set pressure of the NPMS 
PRV. Then, the control valve upstream of the test vessel was quickly opened to introduce steam from the storage vessel into 
the test vessel, causing an increase in pressure in the test vessel and opening of the PRV. 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJ1306359H[SHULPHQWDOVHWXSVXSHUFULWLFDOERLOHUVWHDPVHSDUDWRURQRIIYDOYHVWRUDJHYHVVHORQRII
YDOYHSUHVVXUHPHDVXULQJV\VWHPLVRODWLQJYDOYHOLIWWHVWLQJGHYLFHPHDVXUHG3596LOHQFHUTXLFNH[KDXVWLQJ
YDOYHWHVWLQJYHVVHOFRQWUROYDOYHV 
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The pressure in the test vessel was stabilized at the relieving pressure (7.26 MPa) by the control valve for several 
seconds, and then the control valve was shut off, causing a reduction in the pressure and allowing the NPMS PRV to reseat. 
The disk lift, the pressure in the test vessel, and the pertinent characteristics of the tested PRV were observed and recorded. 
The measurement accuracies of the pressure transmitter (BP201/501Z, Hefei Sentech Sensing Instruments Co., Ltd.) and 
displacement transducer (ZS-LD200, OMRON) are ±0.5% and ± 0.2%, respectively. The PLC (S7-300, Siemens) collected 
the data with a time resolution of 10 ms. The process was checked using a high-speed camera (Motion Xtra N4, IDT). Fig. 
3 shows an image of the NPMS PRV in the fully open condition during the performance testing. A silencer was connected 
to the outlet of the NPMS PRV to reduce the discharge noise and to ensure a sufficiently low backpressure.  
 
 
 
 
 
 
 
 
 
 
)LJPhoto of a 1306359IXOO\RSHQGXULQJSHUIRUPDQFHWHVW 
0RGHODQGVLPXODWLRQDQDO\VLV 
7KHVLPXODWLRQZDVSHUIRUPHGXVLQJWKHFRPPHUFLDOVRIWZDUH$16<6&);  $Navier Stokes (RANS) formulation was 
used in conjunction with the SST turbulence model for turbulence closure [7]. High resolution, second order backward 
Euler, and high-resolution options were used for the advection scheme, transient scheme, and turbulence discretization, 
respectively. Standard wall functions were used to avoid the need to form grids on the boundary layer. The convergence 
criteria were set such that the residual root mean square (RMS) error values were strictly below 10í5. To reduce the number 
of grid cells and reduce calculation time, a half-symmetrical model and variable time steps were used in the simulation. By 
using moving meshes (including the disk, disk holder, and the adjusting sleeve) for the simulation, the structural meshes 
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were generated to ensure that there is no element with a negative volume or poor quality at any iteration step. The entire 
flow field model was divided into several domains while using the ICEM mesh methodology, as shown in Fig. 4. The volume 
of the test vessel was taken as 10 m3, which is equal to the volume used in the experiment. Dry saturated steam was used as the 
working medium. 
 
3.1. Valve disk dynamics 
 
7KHGLVSODFHPHQWVRIWKHPRYLQJSDUWVZHUHGHWHUPLQHGXVLQJDVLQJOHGHJUHHRIIUHHGRPPRGHOIRUWKHYDOYHPRWLRQ7KHVHDUH
H[SUHVVHGE\(TV±WKHPDVVRIWKHPRYLQJSDUWVLVGHILQHGE\(T7KHGHWDLOVRIWKHGHULYDWLRQSURFHVVDUHVKRZQLQ
WKH$SSHQGL[6XSSOHPHQWDU\0DWHULDOV 
movable movable
flow 0 disk 0.5 2
movable
spring2
c t t
t t
m mF F F G F y y
t ty
m k
t
x
'
     ' ' 
'
                  
(1) 
movable spring spindle disk-hoder disk bearing-seating adjusting sleeve0.5m m m m m m m                                 (2) 
disk spring spindle disk-hoder disk bearing bearing-seating adjusting sleeve( 2 )G m m m m m m m g       u                       (3) 
0 0 springF y k '                                                                  (4) 
where mspring, mspindle, mdisk-holder, mdisk, mbearing, mbearing-seating and madjusting sleeve are the masses of the spring, spindle, disk holder, 
disk, bearing, bearing seating and adjusting sleeve, respectively. ܮt  is the disk velocity; yt is the disk lift; Fflow is the force 
applied by the flowing fluid; Fc is the force on the moving parts imposed by the accumulated steam in the back pressure 
chamberǻt is the time step determined in CFX; kspring is the stiffness of spring; ǻy0 is the spring initial compression; F0.5 = 
0.5 mm ×kspring. An initial lift of 0.5 mm is used at the first calculation step to establish a continuous flow field. $16<6
&);H[SUHVVLRQODQJXDJH&(/LVXVHGWRVROYH(TVDQGFRXSOHWKHHTXDWLRQVWRWKH&)'VLPXODWLRQ 
 
3.2. Domain decomposition and grid generation 
7KHHQWLUHGRPDLQZDVFRQQHFWHGE\VHYHUDOJHQHUDOJULGLQWHUIDFHV**,V''0DQG*30ZHUHDGRSWHGWRJHQHUDWH
WKHVWUXFWXUDOPHVKHVHDVLO\DQGWRKDQGOHWKHFRPSOH[VKDSHRIWKHIOH[LEOHGLVNDQGWKHlarge mesh deformation that occurs 
when the disk is moving. Fig. 4 shows the mesh model of the domains. The computational mesh in the crucial disk region 
at the minimum (0.5 mm) and maximum (30 mm) openings are shown in Fig. 4. To ensure simulation accuracy, grid 
independency tests were conducted. Theoretically, grid independency is reached when further refinement of the 
computational grid cannot change the numerical solution significantly. The impact of mesh fineness was investigated by 
determining the lifting force of the PRV, which has a significant influence on the dynamic performance of the disk and the 
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overall simulation accuracy. Different mesh densities were generated to examine the changes in the lifting force. For a grid 
size corresponding to 1.6 million cells, no change in lifting force was found with the change in mesh density, indicating that 
the calculation of lifting force is relatively independent of mesh density. This grid size was chosen for the transient study. 
 
)LJ0HVKPRGHODQGSRVLWLRQUHODWLRQVKLSEHWZHHQHDFKGRPDLQ 
3.3. Boundary conditions 
)LJVKRZVWKHFRPSXWDWLRQDOPHVKDQGERXQGDU\FRQGLWLRQV7KHGLVNDGMXVWLQJVOHHYHDQGGLVNKROGHUFDQPRYH
LQWKH\GLUHFWLRQDVJLYHQE\(T7KHUHIHUHQFHSUHVVXUHRYHUDOOWKHGRPDLQVZDVGHILQHGDVWKHDWPRVSKHULFSUHVVXUH
7KHLQLWLDOJDXJHSUHVVXUHLQWKHWHVWYHVVHOGRPDLQZDVVHWDV03DZKLFKLVHTXDOWRWKHVHWSUHVVXUHRIWKH1306359
7KH LQOHWFRQGLWLRQRI WKH WHVWYHVVHOZDVVHWDWDFRQVWDQWJDXJHSUHVVXUHRI03DUHOLHYLQJSUHVVXUH7KH LQLWLDO
SUHVVXUHVLQWKHRWKHUGRPDLQVZHUHVHWDV03D'XULQJWKHG\QDPLFVLPXODWLRQWKHLQOHWWRWKHWHVWYHVVHOZDVFKDQJHG
IURPDFRQVWDQWSUHVVXUH03DFRQGLWLRQWRDZDOOFRQGLWLRQ,QWKLVPDQQHUWKHG\QDPLFVLPXODWLRQZDVFRQGXFWHG
FRQVLGHULQJWKHDFWLRQRIWKHWHVWYHVVHOFRQWUROYDOYHZKLFKFORVHGRQWKHRSHQLQJRIWKH359YDOYHGXULQJWKHH[SHULPHQW 
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'HVLJQPHWKRGRORJ\  
&HQWUDOFRPSRVLWHGHVLJQ 
  ,QWKLVVWXG\DTXDGUDWLFPRGHOXVLQJ560VXJJHVWHGE\WKHVRIWZDUH'HVLJQ([SHUWEZDVXVHGIRUGHVLJQDQG
GDWDDQDO\VLV7KHHIIHFWVRIIRXULQGHSHQGHQWQXPHULFDOYDULDEOHVDWILYHOHYHOVRQWKHEORZGRZQZHUHLQYHVWLJDWHGXVLQJ
&&'7KHIRXUYDULDEOHVDUHWKHGLVWDQFHEHWZHHQSRLQWV$DQG%)LJF(UHIOHFWLQJWKHSRVLWLRQRIWKHDGMXVWLQJVOHHYH
GLVWDQFHEHWZHHQSRLQWV)DQG*:FRUUHVSRQGLQJ WR WKHSRVLWLRQRI WKHDGMXVWLQJVFUHZGLVWDQFHEHWZHHQWKHXSSHU
DGMXVWLQJULQJDQGVHDOLQJIDFH8DQGGLVWDQFHEHWZHHQWKHORZHUDGMXVWLQJULQJDQGVHDOLQJIDFH/)RUWKHILYHOHYHO
&&'DWRWDORIQXPHULFDOUXQVZHUHFRQGXFWHGWRJHWKHUZLWKILYHUHSOLFDWLRQVDWWKHFHQWUHSRLQWV,QWKH560EORZGRZQ
ZDVGHILQHGDV WKHUHVSRQVHDQGREMHFWLYHRI WKHGHVLJQDQGVLPXODWLRQPRGHOOLQJ7KH LQGHSHQGHQWYDULDEOHVDQG WKHLU
FRGHGDFWXDOOHYHOVXVHGLQWKLVVWXG\DUHOLVWHGLQ7DEOH$OOWKHGHILQHGQXPHULFDOYDULDEOHVZHUHWUDQVIRUPHGWRWKHFRGHG
IRUPXVLQJ(T 
        0ii x xX
x
 '                                                                    (5) 
ZKHUH;LGHVFULEHVWKHFRGHGYDOXHRIWKHLWKLQGHSHQGHQWIDFWRUZKLFKLVGLPHQVLRQOHVV7KHDFWXDOYDOXHLVGHILQHGDV[L[
LVWKHFHQWHUSRLQWDFWXDOYDOXHDQGǻ[UHIHUVWRWKHVWHSFKDQJHRIWKHLWKYDULDEOH>@  
 
7DEOH  
/HYHOVRIYDULDEOHVFKRVHQIRUFHQWUDOFRPSRVLWHGHVLJQ  
9DULDEOH 6\PERO &RGH  /HYHO 
&RGHGD 7UXH       
'LVWDQFHEHWZHHQSRLQWV$DQG%PP ( ; [       
'LVWDQFHEHWZHHQSRLQWV)DQG*PP : ; [       
'LVWDQFHEHWZHHQWKHupper adjusting 
ringDQGWKHVHDOLQJIDFHPP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'LVWDQFHEHWZHHQWKHORZHUDGMXVWLQJ
ULQJDQGWKHVHDOLQJIDFHPP 
 
/ ; [       
D; [; [±; [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5HVSRQVHVXUIDFHPHWKRGRORJ\ 
$IWHU WKH UHVSRQVH GDWD ZHUH REWDLQHG IURP WKH QXPHULFDO UXQV 560 ZDV HPSOR\HG IRU DQDO\VLV RI WKH UHVXOWV
$FFRUGLQJ WR WKHPRGHOSURYLGHGE\ WKH UHVSRQVHVXUIDFHDQDO\VLV VRIWZDUH DTXDGUDWLF UHVSRQVHVXUIDFHHTXDWLRQZDV
VHOHFWHGZKLFKFDQEHH[SUHVVHGDV>@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ZKHUH< LV WKH UHVSRQVH RUREMHFWLYH IXQFWLRQ [L LV WKH LQGHSHQGHQW YDULDEOH ȕL  ȕLL  DQGȕLM UHSUHVHQW WKH UHJUHVVLRQ
FRHIILFLHQWVRIWKHILUVWGHJUHHLWHPVHFRQGGHJUHHLWHPDQGLQWHUDFWLRQWHUPVUHVSHFWLYHO\QLVWKHQXPEHURIIDFWRUVİLV
WKH UDQGRP HUURU PDLQO\ DULVLQJ IURP H[SHULPHQWDO HUURU DQG ILWWLQJ HUURU ,Q DGGLWLRQ WR DVVHVV WKH VXLWDELOLW\ RI WKH
SURSRVHGPRGHO DQ DQDO\VLVRIYDULDQFH $129$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ZKHUH<LVWKHSUHGLFWHGUHVSRQVHSUHSUHVHQWVWKHQXPEHURIPRGHOSDUDPHWHUVUHVLGXDOPHDQVTXDUHLVGHVFULEHGDVıQ
LVWKHQXPEHURIH[SHULPHQWVVLPXODWLRQV 
 
5HVXOWVDQGGLVFXVVLRQ  
9HULILFDWLRQRIVLPXODWLRQUHVXOWV 
7KHH[SHULPHQWDODQGVLPXODWLRQUHVXOWVDUHVKRZQLQ)LJVDQG7KHYDOXHVRI8/:DQG(DUHDQG
PPUHVSHFWLYHO\7KHVLPXODWLRQUHVXOWVDUHLQJRRGDJUHHPHQWZLWKWKHH[SHULPHQWDOUHVXOWV7KHUHVHDWLQJSUHVVXUHVIURP
WKHH[SHULPHQWDQGVLPXODWLRQDUHDQG03DUHVSHFWLYHO\7KHGLIIHUHQFHLQEORZGRZQEHWZHHQWKHVLPXODWLRQ
DQGH[SHULPHQWDOUHVXOWVLVEHORZ$VVKRZQLQ)LJD:LWKLQPVWKHYDOYHRSHQHGUDSLGO\IURPWKHLQLWLDOOLIWRI
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PPWRWKHPD[LPXPOLIWRIPPDQGWKHUHVXOWDQWIRUFHLQVLPXODWLRQDFWLQJRQWKHGLVNLQFOXGLQJOLIWLQJIRUFH
FRPSRQHQWJUDYLW\)FDQGVSULQJIRUFHLQFUHDVHGVKDUSO\IURPWR1VHH)LJ$VVKRZQLQ)LJEIRUWKH
VLPXODWLRQ WKHSUHVVXUH LQ WKH WHVWYHVVHO LVKLJKHU WKDQ03DEHIRUHPVEHFDXVH WKHPRGHO LPSRVHGD VXGGHQ
LQFUHDVHLQWKHLQOHWSUHVVXUHLQWKHWHVWYHVVHOIURPWR03DDVH[SODLQHGLQ6HFWLRQ 
 
 
)LJ7KHOLIWDDQGLQOHWYHVVHOSUHVVXUHEDVDIXQFWLRQRIGLVFKDUJHWLPHRI1306359NVSULQJ 1PPWKURDWVL]HRI
PPLQGLDPHWHU8/:DQG(DUHDQGPPUHVSHFWLYHO\GU\VDWXUDWHGVWHDP 
 
 
7KHOLIWUHPDLQHGDWDVWDEOHYDOXHRIPPGXULQJWKHSHULRG±PVEHFDXVHRIWKHSUHVHQFHRIDVWRSIRUWKHOLIWLQWKH
359:KHQWKHGLVNUHDFKHGWKHUDWHGOLIWWKHSUHGLFWHGWHVWYHVVHOSUHVVXUHVWDELOL]HGDW03DZKHUHDVLWYDULHGLQWKH
UDQJHRI±03DLQWKHH[SHULPHQW7KLVYDULDWLRQLVDWWULEXWHGWRWKHOLPLWHGDFFXUDF\RIWKHFRQWUROYDOYHXSVWUHDPRI
WKHWHVWYHVVHOGXULQJWKHH[SHULPHQW:KHQWKHVWHDPWKDWLVIHGWRWKHWHVWYHVVHOZDVVKXWRIIDWPVWKHOLIWLQJIRUFH
GHFOLQHGJUDGXDOO\ZLWKWKHGHFUHDVHLQWKHWHVWYHVVHOSUHVVXUHVHH)LJ$WPVZKHQWKHUHVXOWDQWIRUFHRQWKHGLVN
WXUQHGQHJDWLYHWKH359VWDUWHGWRFORVH%HFDXVHRIWKHLQWHUDFWLRQEHWZHHQWKHOLIWLQJIRUFHDQGVSULQJIRUFHGXULQJWKH
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FORVLQJ SURFHVV DQ DOWHUQDWLQJ XSZDUG DQG GRZQZDUG QHW IRUFH ZDV JHQHUDWHG RQ WKH GLVN DV VKRZQ LQ )LJ  7KLV
DOWHUQDWLQJIRUFHFDXVHGVOLJKWIOXWWHULQJGXULQJWKHFORVLQJRIWKH359VHH)LJD'XULQJWKHWHVWWKHGDPSLQJHIIHFW
FDXVHGE\WKHIULFWLRQEHWZHHQWKHPRYLQJGLVNDQGIL[HGFRPSRQHQWVFRXOGDOOHYLDWHWKHIOXWWHULQJ7KHIULFWLRQH[KLELWHG
DWULYLDOHIIHFWRQWKHEORZGRZQDQGKHQFHLWZDVRPLWWHGLQWKHVLPXODWLRQ          
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. The lifting force, resultant force and inlet vessel pressure as a function of discharge time of NPMS PRV (the vertical 
upward force along the spindle is positive, kspring=2027.8 Nmmí1; throat size of 115mm in diameter; U, L, W, and E are 3, 
0.75,33 and 40 mm, respectively; dry saturated steam). 
3HUIRUPDQFHFRPSDULVRQEHWZHHQ359VZLWKDQGZLWKRXWEDFNSUHVVXUHFKDPEHU  
7KHG\QDPLFSHUIRUPDQFHRIWKH359ZLWKDQGZLWKRXWWKHEDFNSUHVVXUHFKDPEHUZHUHFRPSDUHGE\VLPXODWLRQWKH
UHVXOWVDUHVKRZQLQ)LJ7KH359ZLWKWKHEDFNSUHVVXUHFKDPEHUVWDUWHGWRFORVHDW03DZKLFKLV03D
KLJKHUWKDQWKDWLQWKHFDVHZLWKRXWDEDFNSUHVVXUHFKDPEHU7KLVLVEHFDXVHVWHDPDFFXPXODWHVLQWKHEDFNSUHVVXUHFKDPEHU
DQGJHQHUDWHVDGRZQZDUGIRUFHRQWKHPRYLQJSDUWVRIWKH359GXULQJGLVFKDUJHWKLVUHGXFHVWKHUHVXOWDQWXSZDUGIRUFH
DQGOHDGVWRDKLJKHUUHVHDWLQJSUHVVXUH)RUWKHVHWWLQJVVKRZQLQ)LJWKHUHVHDWLQJSUHVVXUHVIRUWKHFDVHVZLWKRXWDQG
ZLWKWKHEDFNSUHVVXUHFKDPEHUZHUHDQG03DUHVSHFWLYHO\LQGLFDWLQJDGHFUHDVHLQEORZGRZQIURP
WR%HFDXVHRIWKLVGHFUHDVHWKH$60(,,,359VHWWLQJUHTXLUHPHQWVDUHVDWLVILHG)LJVDQGVKRZWKH0DFK
QXPEHUVDQGYHORFLW\YHFWRUVDWWKHVHDWDQGLQWKHEDFNSUHVVXUHFKDPEHUUHJLRQGXULQJGLVFKDUJHDWDQGPV
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ZKLFKDUHUHSUHVHQWDWLYHRIWKHFRQGLWLRQVGXULQJWKHLQLWLDORSHQLQJTXLFNRSHQLQJVWDEOHGLVFKDUJHDQGWKHSHULRGFORVH
WRUHVHDWLQJUHVSHFWLYHO\  
)LJ7KHLQIOXHQFHRIEDFNSUHVVXUHFKDPEHURQWKHG\QDPLFSHUIRUPDQFHDOLIWDQGELQOHWYHVVHOSUHVVXUHZLWK
DEDFNSUHVVXUHFKDPEHU8/:DQG(DUHDQGPPUHVSHFWLYHO\GU\VDWXUDWHGVWHDP 
 
,WFDQEHVHHQIURP)LJWKDWWKHVWHDPDFFHOHUDWHVDVLWIORZVIURPWKHWHVWYHVVHOWRWKHYDOYHLQOHW7KHIORZWXUQV
VXSHUVRQLFDVLWLVUDSLGO\DFFHOHUDWHGWKURXJKWKHVHDWUHJLRQ$WPVWZRVXSHUVRQLFIORZUHJLRQVRFFXULQWKHQDUURZJDS
EHWZHHQWKHGLVNDQGORZHUDGMXVWLQJULQJ0DFKDVZHOODVLQWKHUHJLRQEHORZWKHXSSHUDGMXVWLQJULQJ0DFK
7KH SRVLWLYH SUHVVXUH EHWZHHQ WKH XSSHU DGMXVWLQJ ULQJ DQG GLVN VHDW FUHDWHV D IORZ RI VWHDP WRZDUG WKH EDFNSUHVVXUH
FKDPEHUVHH)LJDHJDQGI$WPVVWHDPVWDUWVIORZLQJLQWRWKHEDFNSUHVVXUHFKDPEHUZLWKDQLQFUHDVHLQ
OLIWVHH)LJEDQGK7KHWUDQVLHQWLQIORZUHVXOWVLQDYRUWH[DWWKHLQOHWRIWKHEDFNSUHVVXUHFKDPEHU7KHPD[LPXP
YHORFLW\0DFKLVIRXQGEHORZWKHXSSHUDGMXVWLQJULQJ7KHIORZUDWHLQWKHJDSEHWZHHQWKHJXLGHDQGGLVNKROGHULV
 NJ Ví DQG WKH IORZ UDWHV WKURXJK WKH DGMXVWLQJ VFUHZ DQG DGMXVWLQJ VOHHYH DUH  NJ Ví DQG  NJ Ví
UHVSHFWLYHO\LHWKHUHLVQHWPDVVIORZLQWRWKHEDFNSUHVVXUHFKDPEHU$WPVWKHGLVNULVHVWRWKHKLJKHVWYDOXHRI
PP7ZRKLJKYHORFLW\]RQHV0DFKRQHDWWKHJDSEHWZHHQWKHGLVNKROGHUDQGORZHUDGMXVWLQJULQJDQGWKHRWKHU
DWWKHJDSEHWZHHQWKHXSSHUDQGORZHUDGMXVWLQJULQJVFDQEHREVHUYHG7KHIORZUDWHLQWKHJDSEHWZHHQWKHJXLGHDQG
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GLVNKROGHULVNJVíDQGWKHIORZUDWHVWKURXJKWKHDGMXVWLQJVFUHZDQGDGMXVWLQJVOHHYHDUHNJVíDQG
NJVíUHVSHFWLYHO\LHWKHLQIORZDQGRXWIORZDUHEDODQFHG$YRUWH[DSSHDUVDWWKHERWWRPRIWKHEDFNSUHVVXUHFKDPEHU
DVVKRZQLQ)LJFDQGL7KHSUHVVXUHLQWKHEDFNSUHVVXUHFKDPEHUDFKLHYHVDVWDEOHYDOXHRI03DVHH)LJ
RZLQJWRWKHEDODQFHGPDVVIORZ7KHEDFNSUHVVXUHLVRIWKHVHWWLQJSUHVVXUHDQGUHVXOWVLQDGRZQZDUGIRUFH)FRI
1ZKLFKLVRIWKHOLIWLQJIRUFHZKHQWKHVWHDPWKDWLVIHGWRWKHFKDPEHULVVKXWRIIDWPVWKLVLVVKRZQ
LQ)LJ,WFDQEHVHHQWKDWWKH359VWDUWVWRFORVHDWPV7KHSUHVVXUHLQWKHEDFNSUHVVXUHFKDPEHUGHFUHDVHVVOLJKWO\
GXULQJWKHSHULRG±PVVHH)LJ$VVKRZQLQ)LJWKHVWHDPIORZLQJWKURXJKWKHJDSEHWZHHQWKHGLVNKROGHU
DQG JXLGH WRJHWKHU ZLWK WKH GLVFKDUJLQJ VWHDP WKURXJK WKH DGMXVWLQJ VFUHZ DQG VOHHYH GHWHUPLQH WKH SUHVVXUH LQ WKH
EDFNSUHVVXUHFKDPEHU'XULQJWKHSHULRG±PVWKHIORZUDWHLQWKHJDSEHWZHHQWKHJXLGHDQGGLVNKROGHUFKDQJHV
IURPNJVíWRNJVíDQGWKHIORZUDWHVWKURXJKWKHDGMXVWLQJVFUHZDQGDGMXVWLQJVOHHYHFKDQJHIURPNJ
VíDQGNJVíWRDQGNJVíUHVSHFWLYHO\7KHIORZUDWHRIWKHVWHDPWKDWLVIHGWRWKHFKDPEHULVHTXDO
WR WKDWRI WKHGLVFKDUJLQJ VWHDPDW PVDQG PV7KHQ WKHSUHVVXUH LQ WKHEDFNSUHVVXUH FKDPEHU LQFUHDVHV DQG
DFKLHYHVDPD[LPXPYDOXHRI03DDWPV7KLVLVEHFDXVHWKHRXWOHWJDSRIWKHEDFNSUHVVXUHFKDPEHUGHFUHDVHV
ZLWK WKH GHFUHDVH LQ GLVN OLIW GXULQJ WKH SHULRG ± PV UHVXOWLQJ LQ D GURS LQ WKH HIIOXHQW VWUHDP IORZ UDWH
6LPXOWDQHRXVO\WKHLQOHWSUHVVXUHLQWKHEDFNSUHVVXUHFKDPEHUDQGWKHJDSEHWZHHQWKHJXLGHDQGGLVNKROGHUGRQRWFKDQJH
VLJQLILFDQWO\VXJJHVWLQJWKDWVWHDPLVEHLQJIHGDWDFRQVWDQWPDVVIORZUDWHWRWKHFKDPEHU6XEVHTXHQWO\WKHSUHVVXUHLQ
WKHEDFNSUHVVXUHFKDPEHUGHFUHDVHVWR]HURDWPVLHWKHEDFNSUHVVXUHFKDPEHUPDLQWDLQVDSRVLWLYHSUHVVXUHDQG
GLVFKDUJHVWKHVWHDPWRWKHDWPRVSKHUHDIWHUWKH359UHVHDWV:KHQWKH359UHVHDWVWKHIORZRIVWHDPWKURXJKWKHJDS
EHWZHHQWKHGLVNKROGHUDQGJXLGHLVVKXWRII+RZHYHUWKHUHVXOWLQJH[LWIORZUDWHRIVWHDPIURPWKHFKDPEHULVUHODWLYHO\
VPDOOEHFDXVHRIWKHHIIHFWLYHIORZDUHDVUHODWHGWRWKHDGMXVWLQJVFUHZDQGDGMXVWLQJVOHHYHWKLVUHVXOWVLQDVORZGHFD\RI
WKHSUHVVXUHLQWKHEDFNSUHVVXUHFKDPEHUDIWHUWKHFORVXUHRIWKH3597KXVDFRQVLGHUDEOHIRUFHLVPDLQWDLQHGRQWKHGLVN
LQWKHGLUHFWLRQRSSRVLWHWRWKHOLIWLQJIRUFHGXULQJWKHUHVHDWLQJRIWKH359,WLVDSSDUHQWWKDWWKHUHVHDWLQJRIWKH359FDQ
EHDVVLVWHGE\WKHDGGLWLRQRIWKHEDFNSUHVVXUHFKDPEHUDQGWKDWLWFDQEHDGMXVWHGE\FRQWUROOLQJWKHPDVVIORZUDWHVWR
DQGIURPWKHFKDPEHU7RIXUWKHULOOXVWUDWHWKHUROHRIWKHEDFNSUHVVXUHFKDPEHULQWKHDGMXVWPHQWRIUHVHDWLQJSUHVVXUHWKH
FDVHDWPVLVWDNHQDVDQH[DPSOH$WPVWKH0DFKQXPEHUDWWKHJDSEHWZHHQWKHGLVNKROGHUDQGORZHUDGMXVWLQJ
ULQJLV7KHIORZUDWHLQWKHJDSEHWZHHQWKHJXLGHDQGGLVNKROGHULVNJVíDQGWKHIORZUDWHVWKURXJKWKH
DGMXVWLQJ VFUHZ DQG WKH VOHHYH DUH  NJ Ví DQG  NJ Ví UHVSHFWLYHO\$W WKLV PRPHQW WKH SUHVVXUH LQ WKH
EDFNSUHVVXUHFKDPEHULVDVKLJKDV03DZKLFKSURYLGHVDIRUFHRI1RQWKHGLVNRIWKHOLIWLQJIRUFH
6WHDPWHPSHUDWXUHFRQWRXUVLQWKHEDFNSUHVVXUHFKDPEHUDUHVKRZQLQ)LJ7KHVWHDPWHPSHUDWXUHGLVWULEXWLRQLQWKLV
UHJLRQKDVDFORVHUHODWLRQVKLSZLWKWKHGLVSODFHPHQWRIWKHYDOYHGLVN$WWKHLQLWLDORSHQLQJRIWKH359PVWKHKLJK
WHPSHUDWXUHVWHDPLVPDLQO\FRQFHQWUDWHGDWWKHQR]]OHDQGRQO\DVPDOODPRXQWRIVWHDPLVGLVFKDUJHGRXW'XULQJWKH
TXLFNRSHQLQJRIWKH359PVWKHVWHDPGLVFKDUJHVUDSLGO\7KHVWHDPWHPSHUDWXUHLQWKHYDOYHERG\UHJLRQFKDQJHV
WRDYDOXHFORVHWRWKDWLQWKHGLVNUHJLRQ$VLJQLILFDQWLQFUHDVHLQVWHDPWHPSHUDWXUHFDQEHREVHUYHGDWWKHLQOHWRIWKH
EDFNSUHVVXUHFKDPEHU7KHVWHDPWHPSHUDWXUHLQWKHUHJLRQEHWZHHQWKHXSSHUDQGORZHUDGMXVWLQJULQJVLVPXFKORZHUWKDQ
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WKDWLQWKHRWKHUUHJLRQVEHFDXVHWKHHQWKDOS\RIWKHVWHDPLVFRQYHUWHGLQWRNLQHWLFHQHUJ\ZKHQWKHVWHDPLVDFFHOHUDWHG
WKURXJK WKH QR]]OH >@  $W  PV ZKHQ WKH 359 UHDFKHV D VWDEOH GLVFKDUJH OHYHO WKH VWHDP WHPSHUDWXUH LQ WKH
EDFNSUHVVXUHFKDPEHUUHDFKHVWKHKLJKHVWYDOXHRI.DQGWKHVWHDPWHPSHUDWXUHDWWKHWKURDWGHFUHDVHVWR.  $W
PVZKHQWKH359LVLQWKHSURFHVVRIUHVHDWLQJWKHVWHDPWHPSHUDWXUHLQWKHYDOYHERG\UHJLRQGHFUHDVHVEHFDXVHWKH
DPRXQWRIVWHDPGLVFKDUJHGIURPWKH359GHFUHDVHV 
    
)LJ0DFKQXPEHUFRQWRXUVRQWKHV\PPHWULFDOSODQHNVSULQJ 1PPWKURDWVL]HRIPPLQGLDPHWHU8/:DQG(
DUHDQGPPUHVSHFWLYHO\GU\VDWXUDWHGVWHDP7KHHQODUJHGYLHZVRI]RQHV$DQG%DUHGHPRQVWUDWHGLQ)LJ 
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     
)LJ9HORFLW\YHFWRULQWKHEDFNSUHVVXUHFKDPEHUOHIWDQGRSHQJDSULJKWNVSULQJ 1PPWKURDWVL]HRIPPLQ
GLDPHWHU8/:DQG(DUHDQGPPUHVSHFWLYHO\GU\VDWXUDWHGVWHDP7KHORFDWLRQVRI$DQG%FDQEHIRXQGLQ
)LJ 
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)LJFRQWLQXHG 
 
 
 
 
)LJ7KHUHODWLRQVKLSEHWZHHQOLIWDQGSUHVVXUHRIEDFNFKDPEHUNVSULQJ 1PPWKURDWVL]HRIPPLQGLDPHWHU8
/:DQG(DUHDQGPPUHVSHFWLYHO\GU\VDWXUDWHGVWHDP 
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)LJ7HPSHUDWXUHFRQWRXUVRQWKHV\PPHWULFDOSODQHNVSULQJ 1PPíWKURDWVL]HRIPPLQGLDPHWHU8/:
DQG(DUHDQGPPUHVSHFWLYHO\GU\VDWXUDWHGVWHDP 
 
(IIHFWRIDGMXVWLQJVOHHYH 
7KHHIIHFWRIWKHVOHHYHSRVLWLRQ(RQWKHUHVHDWLQJSUHVVXUHZDVLQYHVWLJDWHGE\YDU\LQJWKHVOHHYHSRVLWLRQLQWKHUDQJHRI±
PP7KHYDOXHVRI:8DQG/DUHNHSWFRQVWDQWDWPPPPDQGPPUHVSHFWLYHO\7KHSUHVVXUHLQWKHWHVWYHVVHO
ZDVVHWWREH03D7KHSUHVVXUHDWWKHLQOHWRIWKHWHVWYHVVHOZDV03DUHOLHYLQJSUHVVXUHWLPHV03DWR
JXDUDQWHHWKDWWKHGLVNOLIWVDQGUHDFKHVWKHUDWHGYDOXHRIPPLQDOOWKHFDVHV7KHVLPXODWLRQUHVXOWVDUHLOOXVWUDWHGLQ)LJV
±1RHIIHFWRI(RQWKHSRSXSSURFHVVFDQEHIRXQG7KHEORZGRZQLVLQSURSRUWLRQWR(ZKHQ(LVLQWKHUDQJHRI±
PPWKHEORZGRZQLQFUHDVHVOLQHDUO\E\SHUPPLQFUHDVHLQ(7KHSUHVVXUHLQWKHEDFNSUHVVXUHFKDPEHULQFUHDVHVZLWK
WKH GHFUHDVH LQ ( EHFDXVH WKLV DGMXVWPHQW UHGXFHV WKH HIIHFWLYH IORZ DUHD DQG WKH VWHDP GLVFKDUJLQJ IURP WKH EDFNSUHVVXUH
FKDPEHUWKXVLQFUHDVLQJWKHSUHVVXUHRIWKHDFFXPXODWHGVWHDPLQWKHEDFNSUHVVXUHFKDPEHU$FFRUGLQJO\WKHIRUFHDFWLQJRQWKH
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GLVNKROGHULQFUHDVHV)LJ7KLVDFFHOHUDWHVWKHUHVHDWLQJRIWKH359UHVXOWLQJLQDKLJKUHVHDWLQJSUHVVXUHDQGKHQFHORZHULQJ
EORZGRZQYDOXHV 
 
 
)LJ/LIWFKDQJHDDQGWHVWYHVVHOSUHVVXUHEIURPRSHQWRUHFORVLQJRIGLIIHUHQWDGMXVWLQJVOHHYHSRVLWLRQ 
 )LJ%ORZGRZQDVDIXQFWLRQRI( 
 
)LJ)c ()RUFHonPRYLQJSDUWVVHH(TLPSRVHGE\DFFXPXODWHGVWHDPLQEDFNSUHVVXUHFKDPEHU)FKDQJHZLWK
GLIIHUHQWDGMXVWLQJVOHHYHSRVLWLRQVW PV 
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5HVSRQVHVXUIDFHPHWKRGRORJ\PRGHO 
 
7RREWDLQWKHUHVSRQVHEORZGRZQXQGHUYDULRXVFRQGLWLRQVVLPXODWLRQVZHUHSHUIRUPHGLQDFFRUGDQFHZLWKWKHGHVLJQ
PDWUL[JHQHUDWHGE\WKH&&'7KHYDOXHVRI(:8DQG/DFWHGDVUHJXODWRUVIRUWKHUHVHDWLQJSUHVVXUHDQGZHUHDGMXVWHG
DWWKHUHTXLUHGOHYHOIRUHDFKGHVLJQFRQILJXUDWLRQZKLOHWKHRWKHURSHUDWLRQDOSDUDPHWHUVRIWKH359ZHUHNHSWFRQVWDQW
7KHDFWXDO OHYHOVRI WKHYDULDEOHV IRUHDFKQXPHULFDO UXQ LQ WKHGHVLJQPDWUL[DUHSUHVHQWHG LQ7DEOH7KHEORZGRZQ
UHVSRQVHSUHGLFWHGE\&)'EDVHGQXPHULFDOVLPXODWLRQIRUHDFKUXQLVSUHVHQWHGLQ7DEOH)URPWKHQXPHULFDOUHVXOWV
SUHVHQWHGLQ7DEOHDQGEDVHGRQ(TWKHVHFRQGRUGHUUHVSRQVHIXQFWLRQUHSUHVHQWLQJWKHEORZGRZQFRXOGEHH[SUHVVHG
DVDIXQFWLRQRIWKHIRXUUHJXODWRUV¶SRVLWLRQV8VLQJWKHTXDGUDWLFSRO\QRPLDOPRGHOWKHUHODWLRQVKLSEHWZHHQWKHUHVSRQVH
DQGYDULDEOHZDVREWDLQHGLQWHUPVRIDFWXDOXQLWVDVIROORZV 
 
3
3 4 4 4
Blowdown (%) 16.20891 0.55624 0.38060 0.58382 0.28553 4.01925 10
                            4.62755 10 7.16111 10 5.25595 10 7.64286 10
                            0.019235
E W U L EW
EU EL WU WL
UL

   
       u
 u  u  u  u
 3 2 3 2 2 3 22.60732 10 1.40757 10 0.030164 6.79533 10E W U L   u  u   u              
 
,WLVDQLPSRUWDQWSDUWRIWKHGDWDDQDO\VLVWRFKHFNWKHDGHTXDF\RIWKHPRGHOEHFDXVHWKHUHVSRQVHIXQFWLRQFRXOGJLYHDQ
LQDFFXUDWHSUHGLFWLRQ IRU VRPHGDWDSRLQWV+HQFH WRDVVHVV WKH VLJQLILFDQFHDQGFDSDELOLW\RI WKHPRGHO  DQ$129$
DQDO\VLVZDVSHUIRUPHGDQGWKHUHVXOWVDUHSUHVHQWHGLQ7DEOH7KHILUVWFROXPQUHSUHVHQWVWKHPRGHOPDLQHIIHFWV(:
8DQG/DQGWZRZD\LQWHUDFWLRQHIIHFWV(:±/7KHVHFRQGFROXPQVKRZVWKHVXPRIVTXDUHV66XVHGWRPHDVXUH
WKHYDULDELOLW\LQWKHGDWD7KHWKLUGFROXPQUHSUHVHQWVWKHGHJUHHRIIUHHGRPGI7KHIRXUWKFROXPQVKRZVWKHPHDQVTXDUH
06ZKLFKLVHTXLYDOHQWWR66GLYLGHGE\GI7KHILIWKFROXPQVKRZVWKH)YDOXHDQGWKHVL[WKFROXPQVKRZVWKHSYDOXH
7KHDGHTXDWHSUHFLVLRQUDWLRPHDVXUHVWKHVLJQDOWRQRLVHUDWLRDQG5LQGLFDWHVWKHFRHIILFLHQWRIPXOWLSOHGHWHUPLQDWLRQ
$ODUJHYDOXHRIWKHFRHIILFLHQWRIPXOWLSOHGHWHUPLQDWLRQHJ5 LQGLFDWHVWKDWRIWKHYDULDQFHLQWKH
UHVSRQVHFDQEHH[SODLQHGE\WKHTXDGUDWLFPRGHO$ODUJH)YDOXHHJLPSOLHVJRRGVLJQLILFDQFHRIWKHUHJUHVVLRQ
PRGHO6LPLODUO\SYDOXHVOHVVWKDQLQGLFDWHWKDWWKHPRGHOWHUPVDUHVWDWLVWLFDOO\VLJQLILFDQWDQGSYDOXHVJUHDWHUWKDQ
LQGLFDWHWKDWWKHPRGHOWHUPVDUHLQVLJQLILFDQW)RUDGHTXDWHSUHFLVLRQDUDWLRJUHDWHUWKDQLVGHVLUDEOH$SUHFLVLRQ
UDWLRRIREWDLQHGLQWKHSUHVHQWFDVHVXJJHVWVDQDGHTXDWHVLJQDO7KHREVHUYHG&)'QXPHULFDOUHVXOWVDQGWKH
SUHGLFWHGYDOXHVREWDLQHGXVLQJWKHPRGHOHTXDWLRQIRUEORZGRZQDUHVKRZQLQ)LJ,WFDQEHREVHUYHGWKDWWKHUHLV
DGHTXDWHDJUHHPHQWEHWZHHQWKHGDWDREWDLQHGWKURXJKVLPXODWLRQDQGWKHSUHGLFWHGRQHV LQGLFDWLQJWKDW WKHGHYHORSHG
UHJUHVVLRQTXDGUDWLFPRGHOVFDQEHXVHGWRFDOFXODWHDFFXUDWHO\WKHUHVSRQVHIDFWRUVIRUDQ\JLYHQYDULDEOHLQWKHLQWHUYDO
UDQJHRIWKHQXPHULFDOGHVLJQ7KLVDJUHHPHQWLVDOVRFRQILUPHGE\WKH$3YDOXH$3!IRUWKHEORZGRZQUHVSRQVH7KLV
YHULILHVWKDWWKHSUHGLFWHGPRGHOFDQEHXVHGWRQDYLJDWHWKHGHVLJQVSDFHGHILQHGE\WKH&&'SURFHGXUH 
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7DEOH6LPXODWLRQGHVLJQOD\RXWDQGVLPXODWLRQUHVXOWVRIWKHUHVSRQVHV 
5XQ $FWXDODQGFRGHGOHYHOVRIYDULDEOHV  %ORZGRZQ 
 (PP  :PP  8PP  /PP  &)' 1XPHULFDOYDOXH 
3UHGLFWHG
YDOXH 
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D&KDWWHULQJRFFXUVLQWKLVFDVHDQGWKHYDOXHLVWKHILUVWUHVHDWLQJYDOXH 
 
(IIHFWVRIIDFWRUVRQEORZGRZQXVLQJUHVSRQVHVXUIDFHV 
%\PDSSLQJWKHUHVSRQVHVXUIDFHRYHUWKHFORVHGUHJLRQVWKHHIIHFWVRIYDULRXVIDFWRUVRQWKHUHVSRQVHVFRXOGEHDQDO\]HG
7KUHHGLPHQVLRQDOUHVSRQVHVXUIDFHSORWVRIWKHSUHGLFWLYHTXDGUDWLFPRGHOIRUWKHHIIHFWVRIWKHIRXUIDFWRUVRQEORZGRZQ
DUHSUHVHQWHG7KHUHVSRQVHVXUIDFHVZHUHJHQHUDWHGEDVHGRQ(T)LJDVKRZVWKHUHVSRQVHVXUIDFHIRUEORZGRZQ
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DJDLQVW(DQG:ZKHQ8DQG/DUHNHSWDWFRQVWDQWYDOXHVRIDQGPPUHVSHFWLYHO\7KHEORZGRZQLQFUHDVHVZLWK
DQLQFUHDVHLQ(7KHLQFUHDVHLQ:KDVDQHJOLJLEOHHIIHFWRQEORZGRZQ7KHHIIHFWVRIYDU\LQJ(DQG8RQEORZGRZQDUH
VKRZQLQ)LJE7KHEORZGRZQLQFUHDVHVZLWKDGHFUHDVHLQ8DQGGHSHQGVPRUHRQ8WKDQRQ(7KHGHFUHDVHLQ8
FDXVHVDPRUHVLJQLILFDQWLQFUHDVHLQEORZGRZQIRUWKHFDVHRIDKLJKHU(YDOXH 
 
7DEOH$QDO\VLVRIYDULDQFHIRU560PRGHO 
6RXUFH 6XPRI
VTXDUHV 
GI 0HDQVTXDUH )YDOXH 3YDOXH 
3URE!) 
0RGHO
SHUIRUPDQFH 
0RGHO      VLJQLILFDQW 
 (      VLJQLILFDQW 
 :      VLJQLILFDQW 
 8      VLJQLILFDQW 
 /      VLJQLILFDQW 
 (:      LQVLJQLILFDQW 
 (8      LQVLJQLILFDQW 
 (/ (  (   LQVLJQLILFDQW 
 :8 (  ( (  LQVLJQLILFDQW 
 :/ (  ( (  LQVLJQLILFDQW 
 8/      LQVLJQLILFDQW 
 (      VLJQLILFDQW 
 : (  (   LQVLJQLILFDQW 
 8      VLJQLILFDQW 
 / (  (   LQVLJQLILFDQW 
 5HVLGXDO       
/DFNRIILW       
3XUHHUURU       
&RUWRWDO       
$GHTXDWHSUHFLVLRQ$3  
5 5SUHGLFWHG 5DGMXVWHG  
 
7KHHIIHFWVRIYDULRXVSDLUVRIIDFWRUVLH(DQG/8DQG:DVZHOODV8DQG/VKRZWKHVDPHWHQGHQF\RQHIDFWRUSOD\V
DPRUHLPSRUWDQWUROHWKDQWKHRWKHU(DQG8FRQWULEXWHPRUHWRWKHFKDQJHLQEORZGRZQDVLOOXVWUDWHGLQ)LJFG
DQGI,WFDQEHREVHUYHGWKDWWKHLQFUHDVHVLQERWK:DQG/VOLJKWO\LQFUHDVHWKHEORZGRZQVHH)LJH$VVKRZQLQ
)LJD±FWKHEORZGRZQLQFUHDVHVZLWKDQLQFUHDVHLQ(7KLVLVEHFDXVHWKHLQFUHDVHLQWKHGLVWDQFHEHWZHHQSRLQWV$
DQG%FDXVHVDGHFUHDVH LQ WKH IRUFH LPSRVHGE\ WKHDFFXPXODWHGVWHDPLQ WKHEDFNSUHVVXUHFKDPEHUDVPHQWLRQHG LQ
6HFWLRQDQGVKRZQLQ)LJ)URP)LJDGDQGHLWFDQEHVHHQWKDWDQLQFUHDVHLQ:H[KLELWVDSRVLWLYHEXW
QHJOLJLEOHHIIHFWRQWKHEORZGRZQ7KLVLVEHFDXVHWKHFKDQJHLQWKHHIIHFWLYHIORZDUHDIRUWKHVWHDPGLVFKDUJLQJIURPWKH
)LJFRQWLQXHGEDFNSUHVVXUHFKDPEHU LVQHJOLJLEOHZLWK WKHFKDQJH LQ:$VVKRZQ LQ)LJE G DQG I WKH
EORZGRZQGHFUHDVHVDOPRVWOLQHDUO\ZLWKDQLQFUHDVHLQ8EHFDXVHWKHXSZDUGPRYHPHQWRIWKHXSSHUDGMXVWLQJULQJOHDGV
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WRDGHFUHDVHLQWKHIRUFHJHQHUDWHGE\WKHIORZWKXVLQFUHDVLQJWKHGRZQZDUGUHVXOWDQWIRUFHLPSRVHGRQWKHPRYLQJSDUWV
GXULQJUHVHDWLQJ$VLQWKHFDVHRI:/DOVRSOD\VDSRVLWLYHEXWQHJOLJLEOHUROHLQWKHEORZGRZQVHH)LJFHDQG
I,WPD\EHQRWHGWKDWWKHHIIHFWVRI(:8DQG/RQWKHGLVFKDUJHIORZUDWHVRIWKH359DUHQHJOLJLEOHIRUDOOWKHFDVHV
FRQVLGHUHGLQWKLVVWXG\$VSUHVHQWHGLQ7DEOH(:8/(DQG8DUHWKHPRVWVLJQLILFDQWWHUPVFRQVLGHULQJWKDW
WKHLUSYDOXHVDUHOHVVWKDQ$QLPSRUWDQWFRUROODU\WRWKHDERYHDVVHHQIURPWKHDQDO\VLVLVWKDWWKHFURVVFRXSOLQJ
WHUPV(8(:HWFDUH LQVLJQLILFDQW LQGLFDWLQJWKDWHDFKSDUDPHWHU LV LQGHSHQGHQWRI WKHRWKHUV7KLV LVDQ LPSRUWDQW
SUDFWLFDORXWFRPHZKHQRQHKDVWRDGMXVWWKHYDOYHDVDQ\JLYHQVHWWLQJZLOOQRWEHLQIOXHQFHGE\WKHRWKHUVHWWLQJV7R
LPSURYHWKHPRGHODQGRSWLPL]HWKHUHVXOWVWKHLQVLJQLILFDQWWHUPVFDQEHLJQRUHGSYDOXH!$IWHUUHPRYLQJWKH
LQVLJQLILFDQWWHUPVDQHZSUHGLFWLYHPRGHOIRUWKH359LVJHQHUDWHGDVJLYHQEHORZ 
 
3 2 2
Blowdown (%) 5.67864 0.42118 0.043254 0.44052
                            0.13265 2.56432 10 0.029778
E W U
L E U
    
  u                               
 
 
)LJ'HVLJQH[SHUWSORWSUHGLFWHGYVDFWXDOYDOXHVIRUUHVHDWLQJSUHVVXUHVHWWLQJSUHVVXUH 
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)LJ5HVSRQVHVXUIDFHSORWVDLQIOXHQFHRI:(DQGWKHLULQWHUDFWLRQRQEORZGRZQ8 / ELQIOXHQFHRI8(DQG
WKHLULQWHUDFWLRQRQEORZGRZQ: / FLQIOXHQFHRI/(DQGWKHLULQWHUDFWLRQRQEORZGRZQ: 8 G
LQIOXHQFHRI8:DQGWKHLULQWHUDFWLRQRQEORZGRZQ( / HLQIOXHQFHRI/:DQGWKHLULQWHUDFWLRQRQEORZGRZQ
( 8 ILQIOXHQFHRI/8DQGWKHLULQWHUDFWLRQRQEORZGRZQ( :  
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)LJ5HVSRQVHVXUIDFHSORWV&RQWLQXHGGLQIOXHQFHRI8:DQGWKHLULQWHUDFWLRQRQEORZGRZQ( / HLQIOXHQFH
RI/:DQGWKHLULQWHUDFWLRQRQEORZGRZQ( 8 ILQIOXHQFHRI/8DQGWKHLULQWHUDFWLRQRQEORZGRZQ( :  
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&RQFOXVLRQV 
$ FRPSOH[ SUHVVXUH UHOLHI YDOYH LQFRUSRUDWLQJ XSSHU DQG ORZHU DGMXVWLQJ ULQJV DQG FRPELQHG ZLWK D
EDFNSUHVVXUHFKDPEHUKDVEHHQVWXGLHGLQDQDWWHPSWWRSUHGLFWWKHEORZGRZQEHKDYLRUDQGH[SOLFLWO\UHODWHWKLV
WRWKHFRQWUROOLQJJHRPHWULFDOSDUDPHWHUVRIWKHDGMXVWLQJHOHPHQWSRVLWLRQV7KHIROORZLQJDUHWKHUHVXOWVRIWKH
VWXG\ 
(i) ,WLVSRVVLEOHWRPRGHOVXFKDFRPSOH[YDOYHXVLQJWUDQVLHQW&)'WHFKQLTXHVDQGREWDLQJRRGSUHGLFWLRQ
UHVXOWVZLWKDGLIIHUHQFHRIOHVVWKDQLQWKHEORZGRZQYDOXHVZKHQFRPSDUHGZLWKH[SHULPHQWDO
YDOXHV 
 
(ii) 7KHUHVSRQVHRIWKHSUHVVXUHLQWKHEDFNSUHVVXUHFKDPEHUVKRZHGWKDWWKHFKDPEHUJDVG\QDPLFVZHUH
FRXSOHGZLWKWKHGLVNPRWLRQWKXVLWZRXOGEHGLIILFXOWWRDFFRXQWIRUWKHG\QDPLFVE\DQ\PHWKRG
RWKHU WKDQ WKURXJK PRGHOOLQJ 7KH EDFNSUHVVXUH FKDPEHU DVVLVWHG WKH UHVHDWLQJ DQG GHFUHDVHG WKH
EORZGRZQRIWKH1306359IURPWR 
 
(iii) 7KHFRPSOH[LQIOXHQFHRIWKHJHRPHWULFDOSDUDPHWHUVRQEORZGRZQFDQEHVXFFHVVIXOO\FDSWXUHGE\
XVLQJDFRPELQDWLRQRIWKHFHQWUDOFRPSRVLWHGHVLJQWHFKQLTXHDQGUHVSRQVHVXUIDFHDSSURDFKWRFUHDWH
DQDFFXUDWHUHODWLRQVKLSEHWZHHQWKHEORZGRZQDQGWKHSRVLWLRQVRIWKHDGMXVWLQJHOHPHQWV 
 
(iv) $QLPSRUWDQWRXWFRPHIURP$129$LVWKDWWKHVHWWLQJSDUDPHWHUVDUHLQGHSHQGHQWRIRQHDQRWKHUWKLV
UHGXFHVWKHFRPSOH[LW\RIWKHYDOYHVHWWLQJRSHUDWLRQV 
 
(v) )URPDSUDFWLFDOYLHZSRLQWWKHUHVSRQVHVXUIDFHDSSURDFKWR359DQDO\VLVFRXOGOHDGWRDVLJQLILFDQW
UHGXFWLRQLQGHVLJQDQGWHVWLQJHIIRUWVE\DOORZLQJWKHFRPSOH[YDOYHDGMXVWPHQWIRUEORZGRZQWREH
FDSWXUHGDFFXUDWHO\ZLWKDUHODWLYHHUURURIZLWKDVLPSOHDOJHEUDLFH[SUHVVLRQ 
 
 
$FNQRZOHGJHPHQWV 
7KLV VWXG\ZDV ILQDQFLDOO\ VXSSRUWHGE\ WKH&KLQD 1DWXUDO6FLHQFH)RXQGDWLRQ &RQWUDFW1R  DQG WKH
)XQGDPHQWDO5HVHDUFK)XQGVIRUWKH&HQWUDO8QLYHUVLWLHV:* 
 
$SSHQGL[$6XSSOHPHQWDU\PDWHULDO 
6XSSOHPHQWDU\GDWDDVVRFLDWHGZLWKWKLVDUWLFOHFDQEHIRXQG$SSHQGL[$ 
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6XSSOHPHQWDU\0DWHULDOV 
 
'HULYDWLRQSURFHVVRI(T 
 
7KHPRWLRQRIWKHGLVNLVDWDOOWLPHVEDVHGRQDIRUFHEDODQFH'HGXFHGIURP1HZWRQ¶VVHFRQGODZWKHIROORZLQJVHFRQG
RUGHURUGLQDU\GLIIHUHQWLDOHTXDWLRQXVHGWRVLPXODWHWKHPRWLRQRIWKHYDOYHGLVNFDQEHGHVFULEHGDV(T6 
 
t+movable flow c spring diskt
m y F F F G'
xx                             6 
DQGPPRYDEOHDQG*GLVNFDQEHZULWWHQDV 
 
movable spring spindle disk-hoder disk bearing-seating adjusting sleeve0.5m m m m m m m              6 
disk spring spindle disk-hoder disk bearing bearing-seating adjusting sleeve( 2 )G m m m m m m m g       u   
  6 
 
ZKHUHPVSULQJPVSLQGOHPGLVNKROGHUPGLVNPEHDULQJPEHDULQJVHDWLQJDQGPDGMXVWLQJVOHHYHDUHWKHPDVVHVRIWKHVSULQJVSLQGOHGLVNKROGHU
GLVNEHDULQJEHDULQJVHDWLQJDQGDGMXVWLQJVOHHYH UHVSHFWLYHO\¹ LV WKHDFFHOHUDWLRQRI WKHPRYLQJSDUW LQ WKHPRYLQJ
GLUHFWLRQܮLVWKHGLVNYHORFLW\)IORZLVWKHIRUFHDSSOLHGE\IORZLQJIOXLG )FLVWKHIRUFHRQWKHPRYLQJSDUWVLPSRVHGE\
WKHDFFXPXODWHGVWHDPLQWKHEDFNSUHVVXUHFKDPEHU)VSULQJLVWKHVSULQJIRUFHDFWLQJRQWKHGLVN 
 
  7KH¹WǻWLQ(T6FDQEHGLVFUHWL]HGLQWRGLVFUHWHGLIIHUHQFHIRUP 
 
    
t+ t+
t+ t +
2t t
ty y ty y HOT
t' '
x x
xx xxx'  '  '
                        6 
 
ZKHUHǻWLVWKHWLPHVWHSGHILQHGLQ&);7KHYHORFLW\ܮWǻWFDQEHIXUWKHUGLVFUHWL]HGDV 
 
  
t+ t+
t+ t +
2t t
ty y ty y HOT
t' '
x xx'  '  '
                        6 
7KHOLIWRIWKHGLVN\WDOVRDSSHDUVLQWKHH[SUHVVLRQIRUVSULQJIRUFH 
 
spring spring 0 0.5t tF y k F F'                               6 
ZKHUH)DQG)FDQEHZULWWHQDV 
0 0 springF y k '                                 6 
0.5 spring0.5F k                                6 
 
ZKHUHNVSULQJLVWKHVWLIIQHVVRIVSULQJ)LVWKHIRUFHDSSOLHGE\WKHVWHDPRQWKHGLVNDWWKHVHWSUHVVXUHǻ\LVWKHVSULQJ
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